Objectives: To investigate the diffusion of moxifloxacin through bandage contact lenses (BCLs) versus corneal collagen shields (CSs), the relative ability of BCLs and CSs to release moxifloxacin, and the potential of release of moxifloxacin from CSs in the clinical setting. Methods: Using an in vitro model, the diffusion of 5% moxifloxacin across BCLs and CSs was compared. Next, the amount of drug release from BCLs and CSs soaked in 0.5% moxifloxacin was measured. Finally, based on a clinical model, CSs were soaked in Vigamox (commercial moxifloxacin) and the total concentration released was detected. Collagen shields remained intact after 24 hr; therefore, enzymatic digestion and mechanical grinding of the CS were performed to determine whether further drug could be released. The concentration of moxifloxacin was measured using a spectrophotometer at set time points up to 24 hr. Results: In the diffusion assay, 35.7610.5% diffused through the BCLs and 36.2611.8% diffused through the CSs (P¼0.77). The absorption assay demonstrated at 120 min, a total of 33.366.77 mg/mL was released from BCLs compared with 45.865.2 mg/mL from the CSs (P¼0.0008). In vitro experiments to simulate clinical application of Vigamox-soaked CS found the concentration of moxifloxacin released of 127.767.25 mg/mL in 2 mL of phosphate-buffered saline over 24 hr. Conclusions: Moxifloxacin diffuses through BCLs and CSs at similar rates; however, CSs have greater capacity to absorb and release moxifloxacin compared with BCLs. Vigamox-soaked CSs released 250 mg of moxifloxacin and may be a useful method to prevent endophthalmitis.
I
n current clinical practice, there are many uses for silicone hydrogel (SH) contact lenses for ocular therapy. Soft bandage contact lenses (BCLs) are used to protect injured corneas from further damage, encourage healing, and deliver certain drugs to the eye to prevent infection such as keratitis. 1 A newer alternative to BCLs is corneal collagen shields (CSs), developed in 1984 by Fyodorov with the original purpose of treating corneal epithelial damage. 2 Collagen shields perform similar tasks to BCLs, and previous studies suggest that CSs may be more effective in absorbing therapeutics and distributing therapeutics to the eye. In particular, a 1998 article by O'Brien et al. found concentrations of tobramycin in the aqueous humor to be significantly higher with the use of CSs compared with BCLs. 3 The differences in absorption and delivery of drug to the eye can be related to the properties of the materials. Bandage contact lenses are made of hydrophilic polymers, whereas CSs are synthesized from a thin film of purified bovine collagen which has been crosslinked.
Endophthalmitis is a serious complication of cataract surgery with reported rates ranging from 0.06% to 0.286%. [4] [5] [6] [7] According to the 2014 American Society of Cataract and Refractive Surgery (ASCRS) member survey, most clinicians use topical antibiotic drops as prophylaxis against endophthalmitis. 8 However, difficulty with patient compliance with eye drops after cataract surgery has been well documented in the literature, including drops missing the eye (31.5% in a prospective cross-sectional study by An et al.) 9 and discontinuing drops prematurely. 10 The 2014 ASCRS survey reported 1% of clinical practices use collagen shields soaked in antibiotics in conjunction with patient-administered antibiotic drops. 8 In fact, a retrospective cohort study by Wallin et al. found that failure to place collagen shield soaked in antibiotics was correlated with a statistically significant increase in endophthalmitis. 11 Currently, the most commonly used antibiotics in the prevention of endophthalmitis after cataract surgery are fourth generation fluoroquinolones including gatifloxacin and moxifloxacin (brand name Vigamox). In particular, moxifloxacin has been shown to have superior ocular potency and penetration and has the advantage of being free of the preservative benzalkonium chloride. 12 Animal studies were used to evaluate the use of tobramycin, gentamycin, and vancomycin in presoaked CSs. 3, 13, 14 Specifically, tobramycin was found to have established concentrations in the cornea and aqueous humor higher than the minimum inhibitory concentration (MIC) for strains of Pseudomonas spp, 14 and to achieve greater intraocular concentrations compared with drops alone. 13 Furthermore, the CS group had a significant increase in concentration of tobramycin in the anterior chamber compared with BCLs and controls. 3 Few studies have been conducted with fourth generation fluoroquinolones such as moxifloxacin. Hariprasad et al. demonstrated that CSs soaked in 0.5% moxifloxacin and applied before intraocular surgery resulted in lower concentrations in human aqueous compared with topical drops. 15, 16 By contrast, Haugen et al. demonstrated CSs soaked in gatifloxacin and moxifloxacin achieved similar results to topical drops using a rabbit animal model. 17 Kleinman et al. used the rabbit model to study CSs soaked in gatifloxacin and moxifloxacin and found sufficient concentrations of drug in the anterior chamber 6 hr after placement on the ocular surface, specifically that concentrations exceeded the minimal inhibitory concentration MIC 90 of most bacteria responsible for endophthalmitis (;0.2 mg/mL). 18, 19 Many studies have investigated the uptake and release of moxifloxacin from conventional hydrogen and SH contact lenses. [20] [21] [22] [23] To our knowledge, no previous studies have compared diffusion of moxifloxacin in BCLs versus CSs or measured the overall drug delivery of moxifloxacin. Using our in vitro models, we sought to (1) investigate the diffusion of moxifloxacin through BCLs versus CSs, (2) evaluate the relative ability of BCLs and CSs to absorb and release moxifloxacin over time, and (3) estimate the potential release of moxifloxacin in the clinical setting.
MATERIALS AND METHODS

Bandage Contact Lens and Collagen Shield Diffusion Assay
Bandage contact lenses used in this study were from Air Optix Night and Day Aqua, power 20.00 D, diameter 13.8 mm, composed of lotrafilcon A (Ciba Vision, Deluth, GA). Twelve-hour soft shield collagen corneal shields were kindly donated by Oasis Medical Inc (Catalog # 7012, Glendora, CA). The diffusion assay described by Zambelli et al. 24 was followed with the exception of using a 12-mm rubber gasket to support the BCL and CS. Briefly, BCLs and CSs were placed concave side on a 12-mm ring support in a 6-well tissue culture dish containing 0.45-mm filter inserts with 1 mL of phosphate-buffered saline (PBS) in the well below the filter. Forty-microliters of moxifloxacin dissolved in water with glacial acetic acid (6%) prepared at a concentration of 50 mg/mL (5% moxifloxacin) (#M5794, LKT laboratories, St. Paul, MN) were added to BCLs and CSs. Twenty-microliter aliquots were taken at 0, 15, 30, 60, 120, and 1,140 min and read at 293 nm, the absorbance maxima for moxifloxacin as previously reported. 25 The 20-mL aliquots of the PBS below the filter were transferred to a 96-well ultraviolet (UV) plate (Costar 3635, Corning Inc) into wells containing 180 mL of PBS. The solutions were then assayed using a Biotek Synergy II (Winooski, VT) spectrophotometer microreader plate (A¼293 nm). In this and all subsequent experiments, the concentration of moxifloxacin was calculated by correlating experimental values to a standard curve. In all cases, the R value was greater than 0.97 and measured values were within the linear range of the assay. All samples were incubated at room temperature.
Bandage Contact Lens and Collagen Shield Release Assay
Collagen shields and BCLs were equilibrated in PBS for 5 min at room temperature, during which an 18-gauge stainless steel wire skewer was inserted through the lens or shield for easy transfer. To measure drug release, CSs and BCLs were soaked in 0.5% moxifloxacin for 10 min at room temperature, rinsed briefly in PBS to remove excess moxifloxacin, then transferred to 1 mL of PBS in a UV cuvette (Brand Inc product #759170, South Hamilton, MA) for spectrophotometric readings. The BCLs and CSs were removed from the cuvette during each reading and promptly replaced immediately thereafter. Moxifloxacin release was measured at an absorbance of 293 nm using a Biotek Synergy II spectrophotometer at 30 s, 2, 5, 10, 30, 60, and 120 min. The concentration of moxifloxacin was calculated by correlating experimental values to a standard curve.
Vigamox Release Assay
This assay was designed based on the use of CSs during cataract surgery by a corneal specialist at the University of Pittsburgh Department of Ophthalmology. Collagen shields were soaked in 500 mL of PBS or 10 drops Vigamox (moxifloxacin HCl ophthalmic solution, 0.5% as base) (Alcon, Fort Worth, TX) for 15 min. A skewer was then inserted through each shield for easy transfer. Each CS was flicked and dabbed on Kimwipes (KimberlyClark, Irving, TX) to remove excess moxifloxacin before being transferred to 2 mL PBS in a UV cuvette. The CS on skewer was used to mix the solution before collecting samples at 0.5, 1, 2, 5, 10, 30, 60, and 120 min. At each time point, 10 mL of CS solution was transferred to a 96-well UV plate (Costar 3635, Corning Inc) into wells containing 90 mL of PBS. The solutions were then assayed using a BioTek Synergy II spectrophotometer microplate reader, where absorbance for the solution was measured at 293 nm. At least seven independent replicates of the experiment were performed on 5 separate days.
The authors noted that 12-hr CSs remained intact even after 24 hr of incubation in PBS. Further experiments were conducted to explore whether additional drug could be released from the CS. First, mechanical grinding of the CS was performed. A control CS and CS soaked in Vigamox were each placed in separate cuvettes with 2 mL of PBS solution. The Bio-Gen PRO200 Homogenizer (Pro Scientific, Oxford CT) was used in each cuvette separately to grind the CS. Second, enzymatic digestion of the CSs was performed with proteinase K. Collagen shields soaked in Vigamox were placed in separate wells of a contact lens case. To the control CS, 1 mL of PBS solution was added. To the experimental CS, 900 mL of PBS was added with 100 mL proteinase K 20 mg/mL (Sigma-Aldrich, St. Louis, MO). Each CS was incubated in solution for 20 hr, at the end of which, the PBS CS was largely intact and the CS in proteinase K had dissolved. In each of the two supplemental studies, 10 mL of the CS solution were transferred to a 96-well UV plate into wells containing 90 mL of PBS; the absorbances at 293 nm were read in a spectrophotometer. All data and statistical analysis were performed with Microsoft Excel (Microsoft Office, Redmond, WA) and Graphpad Prism software (Graphpad, La Jolla, CA).
RESULTS
Using the diffusion assay, the penetration of moxifloxacin through BCLs and CSs were measured over time. Moxifloxacin diffusion was detectable at six time points and concentrations increased over time. Initially, diffusion through BCL appears to be more rapid than diffusion through CS. Based on starting concentration of 5% (50,000 mg/mL) and final concentrations of 714.96210.8 mg/mL in the BCL group and 723.36235.2 mg/mL in the CS group, the percentage of drug that diffused through the BCLs and CSs was calculated. It was determined that 35.7610.5% of moxifloxacin diffused through the BCLs and 36.2611.8% diffused through the CSs (P¼0.77, two-tailed unpaired Student t test, Excel software). At the 1,140 min time point, there was no statistical difference between the percentages of moxifloxacin diffused through BCL versus CS (Fig. 1) . Though the trend is for better diffusion through the CSs, there was no significant difference in diffusion of moxifloxacin through BCL versus CS.
Using the moxifloxacin release assay, the concentration of moxifloxacin released was compared between BCLs and CSs soaked in moxifloxacin and measured over a total of seven time points over 120 min (Fig. 2) . In this assay, both BCLs and CSs were equilibrated in PBS before being soaked in moxifloxacin. At each time point, the concentration of moxifloxacin released from the CS was greater than from the BCL. At 120 min, a total of 33.366.77 mg/ml was released from BCLs compared with 45.865.2 mg/mL from the CSs (P¼0.0008, two-tailed unpaired Student t test, Excel software). This assay demonstrates the release of moxifloxacin was significantly greater from CSs than from BCLs.
The moxifloxacin release assay was modified to reflect the clinical use of Vigamox-soaked CSs. Therefore, Vigamox (0.5% moxifloxacin in specific buffer solution) rather than moxifloxacin in glacial acetic acid was used in the experiment. Control analysis of CS soaked in 500 mL of PBS was repeated two times and each time demonstrated negligible absorbance over the study period, indicating that the CSs by themselves did not cause false positive readings. The release of moxifloxacin was measured by the absorbance (293 nm) and demonstrates that most moxifloxacin is released from CS within the first 5 min (Fig. 3) . The concentration of moxifloxacin released into a 2-mL volume was measured over 10 time points over 24 hr. Based on the final concentration of the solution, the maximum concentration of moxifloxacin reached after 24 hr was a mean of 127.767.25 mg/mL. Mechanical grinding or enzymatic digestion of the shields did not increase the amount of measured moxifloxacin, indicating that moxifloxacin was not sequestered within the CS.
DISCUSSION
Endophthalmitis is one of the most feared complications of cataract surgery. The most common pathogen is Staphylococcus epidermidis. [26] [27] [28] Fourth generation fluoroquinolones are among the most widely used antibiotics in prophylaxis for endophthalmitis in cataract surgery. 8 Kowalski and colleagues found that topical antibiotic therapy with Vigamox before and after intraocular bacterial challenge can prevent bacterial endophthalmitis in a rabbit model. 29 Difficulties with patient compliance in the administration of eye drops has led clinicians to seek alternatives to traditional topical antibiotic prophylaxis. Furthermore, in a typical 50-mL drop, only 1% to 7% of the medication is absorbed into the eye given loss of drop through blinking, dilution by reflex tearing, and drainage through the tear duct. 30 Collagen shields are a promising solution because of their ability to serve as a drug depot that delivers therapy over time and also their ability to aid in the promotion of corneal epithelial and stromal healing. We performed in vitro testing to investigate the effectiveness of moxifloxacinsoaked CS to supplement antibiotic delivery to the postoperative cataract eye in addition to traditional drops.
In the diffusion assay, a higher concentration of moxifloxacin (5% versus 0.5%) was used to maximize the sensitivity of the assay and to ensure there was a detectable outcome. We found no difference in the diffusion of moxifloxacin through BCLs and CSs. However, the release assay showed greater deliverance of moxifloxacin from CSs than BCLs. It is important to note that only one type of SH contact lens was used, this particular one made from lotrafilcon A. Given that contact lenses made of different materials have been found to have varied properties in the absorption and release of drug, 20 the results of our comparison may only pertain to this particular type of contact lens.
In vitro experiments were conducted to simulate clinical application of Vigamox-soaked CS. The incubation time of CSs in Vigamox of 15 min is based on the clinical practice at our institution. Although it would have been ideal to incubate the CS- PBS solutions at 30°C the entire 24 hr to simulate the temperature of the human corneal surface, the solution was kept at room temperature during the first hour because of the need to obtain frequent samples. The experiments found the concentration of moxifloxacin released of 127.767.25 mg/mL in 2 mL of PBS over 24 hr. This concentration was well above the MIC 90 of S. epidermidis, the most common cause of endophthalmitis. 31 Considering that clinically, the collagen shield is bathed in approximately 7-to 8-mL tear film 32 rather than 2 mL of PBS, the diffusion rate of the antibiotic of the CS should be slower in vivo. Our data indicate that the CSs have the potential to soak up and release approximately 250 mg of moxifloxacin. Assuming that 1 drop is 50 mL of solution, and then 1 drop 0.5% moxifloxacin contains approximately 200 mg of moxifloxacin. Less than 1% to 7% of each eye drop is delivered to the eye, 30 and is approximately 2 to 14 mg, which is quickly diluted with additional tears and drained through the lacrimal system. In fact, the average effective time for most eye drops on the ocular surface is only 2 to 5 min 33 Extrapolating from our data, 250 mg/mL in 7 to 8 mL of the tear film is approximately 2 mg of medication that the eye is constantly bathed in. Therefore, CSs have the potential to deliver a similar amount of drug at a more constant rate than simply administering a single eye drop, while serving as a mechanical barrier to bacteria entry.
Hariprasad et al. conducted a clinical study by recruiting patients to receive pars planar vitrectomies. 15, 16 Ten patients were randomized to groups of five to receive 24-hr collagen shields to be placed for 4 hr before surgery or 24 hr before surgery. Another group of 20 patients were randomized to administer drops at every 2 hr or every 6 hr for 3 days before surgery. Samples of aqueous and vitreous humor were collected intraoperatively. They found concentrations of topical moxifloxacin could reach appropriate concentrations in the aqueous humor but not the vitreous. Furthermore, collagen shields delivered considerably less antibiotic to both fluid cavities. We postulate that intraoperative corneal incisions could lead to greater aqueous and vitreous concentrations of moxifloxacin than those were detected in the study by Hariprasad et al. In addition, this earlier study used 24-hr dissolution collagen shields which are crosslinked, whereas our study used the 12-hr noncrosslinked dissolution collagen shield.
In a study by Haugen et al., the use of Zymar (3 mg/mL gatifloxacin), Tequin (10 mg/mL gatifloxacin), and Vigamox (5 mg/mL moxifloxacin) in topical drop form and soaked CS form were compared in their ability to lower the incidence of endophthalmitis in the rabbit model. The study demonstrated fourth generation fluoroquinolones gatifloxacin and moxifloxacin, as topical drops were similarly effective as the collagen shield delivery of the medications in preventing endophthalmitis. This assumes perfect topical drop compliance.
There are limitations to our study given that an in vitro experiment is unable to fully simulate the clinical environment of the postcataract surgery eye. First, the tear film of the typical eye contains approximately 7 to 8 mL of fluid which would bathe the collagen shield; whereas, in our study environment, the CS is bathed in 2 mL of PBS solution. Furthermore, studies investigating the absorption and release of drugs from contact lenses have found significant differences in release of drug when the contact lens is placed in static solution in a vial compared with a model incorporating fluid flow and mechanical rubbing to simulate blinking. 20, 22, 34 In fact, multiple publications have described drug release from contact lenses in static vials as a burst followed by plateau within 1 hr. However, models incorporating fluid flow or mechanical rubbing produced a more constant release of drug over 24 hr. Next, our model does not include proteolytic enzymes in the tear film and the mechanical breakdown during blinking, both of which are believed to be the mechanism for dissolution of CS on the ocular surface. In fact, CS soaked initially in Vigamox and then placed in 2 mL of PBS continues to be intact even after 14 days in solution based on samples which were kept after our initial experiments. Finally, in clinical practice, the patient would be instructed to administer antibiotic and corticosteroid drops on top of the CS placed on the postoperative eye. Our model is unable to take this into account. Despite the limitations, our study allows us to make conclusions based on the potential concentration of moxifloxacin released by BCLs and CSs and diffusion of this important fluoroquinolone through BCLs and CSs.
In summary, in our study model, moxifloxacin diffuses through the Air Optix Night and Day Aqua BCL and CSs at similar rates; however, the CS has greater capacity to absorb and release moxifloxacin compared with BCL. In the in vitro model, Vigamox-soaked CSs released 250 mg of moxifloxacin, and may therefore be a useful method to prevent endophthalmitis given limitations in the ocular delivery of eye drops, and particularly in patients who are unreliable at administering drops. It is important to note that the collagen shield could fall out early, and therefore may be best used as an adjunct to topical drops or intraocular antibiotic instillation. Additional studies are warranted to further characterize the delivery of moxifloxacin through CS in the prophylaxis of endophthalmitis after cataract surgery.
